Dynamic microtubule bundles are involved in several motility processes in cells, for instance by interacting with mitotic chromosomes. The study of microtubule bundle dynamics and force generation can help understanding the mechanisms underlying these complex processes. Here we discuss experimental results on the force-generating capabilities of bundles of non-crosslinked growing microtubules obtained using an optical tweezers technique in vitro. We discuss the possible effects on force generation by these microtubule bundles of specific (with microtubule-associated proteins) and aspecific (with ions or crowding agents) ways of crosslinking microtubules. We present preliminary results showing that force generation by microtubule bundles is enhanced in the presence of polyethylene glycol used as a crowding agent, and discuss possible explanations for this observation.
Introduction
Microtubules (MTs) are cytoskeletal polymers that provide a mechanical framework to living cells. They consist of 13 linear protofilaments built from tubulin subunits (dimers) that together form a hollow tubular structure with an outer diameter of 25 nm. MTs are relatively stiff: their persistence length, which determines the length scale on which thermal fluctuations cause them to spontaneously bend, is on the order of millimeters. MTs are dynamic structures that constantly change their length by a process termed dynamic instability, in which relatively long periods of growth are alternated by periods of shrinkage. 1, 2 Growth from the so-called plus-end of MTs is faster than from the other end, the minus-end. Inside cells, the latter is in fact usually anchored at a nucleation site, and most of the relevant dynamics happens at the plus-end of MTs. Switches from growth to shrinkage (also called catastrophes) occur as a result of the hydrolysis of GTP molecules that are associated with tubulin subunits during the assembly process. 2 The assembly dynamics of cytoskeletal filaments allows on the one hand for rapid changes of the intracellular architecture, and on the other hand for the generation of forces that are important for a number of essential (intra-) cellular motility processes. 3, 4 A striking example is the role that MTs play in the formation and operation of the mitotic spindle, 2 the architecture that is responsible for evenly distributing duplicated chromosomes between two new daughter cells. Fig. 1A shows a schematic image of the mitotic spindle in a typical animal cell. MTs are nucleated by two organizing centers (centrosomes, in light gray in Fig. 1A ) and grow both towards the cell periphery and towards specialized sites on the condensed chromosome-pairs, the kinetochores 5 (in dark gray in Fig. 1A ), to which they attach. Although in some species this kinetochore contact is made by only a single MT (for example in yeast 6 ), there is typically a bundle of parallel growing MTs that interacts with a single kinetochore. This bundle is not only responsible for making contact with the chromosome, but is also an important site where forces are generated to move chromosomes through the cytoplasm during the different stages of cell division. 7 We focus in this short review on the force-generating capabilities of bundles of growing MTs, and specifically on the physical measurements that can be made of these forces in a cell-free environment. It is important to stress that understanding the physical bases of force generation by MT bundles is not just of potential relevance for the specific example of kinetochore motions we described above. Dynamic MT bundles may also interact directly with chromosome arms or with the cell cortex. 8, 9 In addition, parallel growing bundles of other cytoskeletal (actin) filaments play a role in motility processes such as cell locomotion or neuronal growth. 10, 11 Understanding the physical basis of force generation by MT bundles should also help us to understand the forces generated in these situations. The specific questions one would like to see answered are: i) how much force can a bundle of parallel growing MT generate (and ultimately how does this compare to the forces that are relevant in vivo)?, ii) how does force affect the collective assembly dynamics of a bundle?, iii) what is the contribution of molecules that mechanically link MTs within a bundle, so-called crosslinkers?, and how does this contribution of crosslinkers depend on the mechanical properties of the MTs themselves?
The technique that we use to study the dynamics and forces generated by MT bundles involves microfabricated barriers 13 and an optical-tweezers based set-up for sensitive force measurements.
14 These and similar techniques have previously been used by our group and others to study in detail the forces generated by individual MTs 15, 16 and actin filaments. 17 Recently we used these techniques to study the dynamics and collective force generating properties of a bundle of MTs that are nucleated by a common nucleation site (an axoneme 18 ), without being otherwise crosslinked to each other. 19 We summarize these results in Section 2.
However, in cells MT-associated proteins (MAPs) such as Xnf7 20 crosslink MTs into bundles. So to understand force generation by MTs bundles in a biological context, the specific effects of these molecules need to be understood. As a first step, it is instructive to study MTs that are made to bundle in less specific ways, for example through the addition of so-called crowding agents, such as polyethylene glycol (PEG) or positively charged ions that tend to bring the negatively-charged MTs together. 21 Since cells are known to be extremely crowded environments, and MAPs tend to be positivelycharged proteins, adding these molecules should in fact capture some of the relevant physics of the situation in living cells as well. In Section 3 we discuss the different steps that can be taken to study the effect of specific or aspecific crosslinkers on the dynamics and force generation by MT bundles in vitro (see schematic in Fig. 1B) , and show preliminary results of these experiments. 
Force generation by microtubule bundles: what to expect?
Forces generated by single MTs have been studied in quite some detail, both in theory [22] [23] [24] [25] [26] and in experiments. 15, 16, [27] [28] [29] In this case, the only available source of free energy for force generation comes from the binding free energy of tubulin subunits at the growing MT end. In the simplest case, so-called Brownian ratchet models provide an intuitively simple picture of how this free energy is converted into mechanical work 30 Here one assumes that a perfectly straight (stiff) filament is pushed against a rigid barrier. Thermal fluctuations (of the filament tip and/or barrier position) allow for the occasional creation of sufficient space between the growing tip and the barrier to allow for the insertion of new subunits, leading to a growth velocity that is predicted to decrease exponentially with applied force. 30 Already in the case of a single MT, this picture is complicated by the fact that MTs consist of multiple (~13) protofilaments, with growing ends that are found to consist of sheet-like structures with elastic properties that are not necessarily well understood. [31] [32] [33] Even so, simple Brownian ratchet models extrapolated to the multi-protofilament case 22, 23 appear to show reasonable agreement with forcevelocity curves measured for single MTs so far. 29 In the case of (crosslinked) MT bundles a potential additional source of energy comes from the binding energy of the crosslinkers that bind MTs together. In this case, one can think of two limiting cases: in the case the filaments in the bundle are infinitely stiff and remain straight under force (Fig. 1B , example 1), one would not expect the crosslinking to have any effect on the forces that can be generated. One would expect that no forward motion of the bundle tip can be obtained from the crosslinking reaction. For the case that filaments are not infinitely stiff, Kierfeld et al. 34 discussed a possible mechanism for force generation in which adhesive energy between filaments is in fact converted to a pushing force. Ignoring the actual elongation of filaments, the authors consider a parallel bundle of filaments maintained in front of a wall. The filaments bend away from each other once in contact with the wall (Fig. 1B, example 2) . If crosslinkers supply sufficient binding energy, the bundle is expected to generate a pushing force against the wall as filaments will zip together to form a single compact bundle (Fig. 1B,  examples 3,4) .
In the realistic case of a growing bundle of semi-flexible filaments, one might expect that the actual forces generated by the crosslinked bundle will depend on a combination of the force generating mechanisms described above as well as on parameters such as the length and persistence length of the filaments.
Force Generation and Dynamic Instability of Non-Crosslinked MT Bundles

Dynamic instability of a MT bundle
We use optical tweezers to measure the polymerization dynamics and generated forces of a growing MT bundle. During experiments, an axoneme is aspecifically attached on one side to a micron-size polystyrene bead. This 'construct' is trapped in a so-called key-hole trap, 14 ,15 a time-shared optical trap that both traps the bead with a fixed resting location and positions the axoneme along a fixed direction defined by a line trap. The construct is placed perpendicular to the sidewall of a microfabricated chamber (Fig. 2B ) built into a flow system. When tubulin and guanosine triphosphate (GTP) are injected in the surrounding buffer, the axoneme extremity nucleates MTs ( Fig. 2A) . Subsequently, growing MTs make contact with the wall, and further length increases of the MTs lead to a displacement of the bead from its resting position in the trap. Simultaneously the restoring force exerted on the MTs by the optical trap increases linearly. By measuring this bead displacement, one deduces the length increases of the MT bundle (defined as the length of the longest MT), and by calibrating the trap stiffness, 35 one simultaneously measures the pushing force that is developed by the MTs against the wall. In Fig. 3A , forces generated by a (plus-end) MT bundle are shown. MTs growing together in a bundle can generate forces much higher than the force generated by a single MT measured with our set-up. 15 We showed 19 that maximal forces generated by single MTs add up linearly when MTs grow in a parallel bundle. This means that MTs in the bundle evenly share the restoring force imposed by the trap. However, MT bundles often switch to a collective shrinking state even before the maximum possible forces are reached (Fig. 3A) , similar to a single MT having a catastrophe (we attribute this to a cooperative effect of force on MT catastrophes, see Ref. 19 ). This is especially true when the catastrophe rate of individual MTs is relatively high, for example at low tubulin concentrations (Fig. 3B) .
In order to decouple dynamic instability from force generation, we also grew MT bundles in the presence of GMPCPP, a slowly hydrolysable analogue of GTP. 36 In that case bundle catastrophes no longer occur, and high bundle forces are reached more effectively than in the GTP case, for the same tubulin concentration and temperature (Fig.  3B-C) .
Effects of Crosslinking on Force Generation by MT Bundles
The next step towards the complexity of MT bundle behavior in cells consists of studying the effect of crosslinking on MT dynamics and force generation. Certain MAPs are known to have a specific crosslinking influence on MT bundles. 20 Whether this can influence the forces generated by a growing MT bundle is an interesting open question. In addition, a crosslinking effect can be achieved aspecifically through electrostatic interactions between MTs, or through depletion effects in a crowded environment.
Conversion of crosslinking energy to force generation
In order to investigate the effect of a MAP with a known crosslinking action on force generation by MT bundles, we plan to perform optical tweezers experiments such as described above in the presence of Xnf7. Maresca et al. 20 found that Xnf7 does not affect tubulin polymerization dynamics in vitro, however the authors also showed that Xnf7-depleted spindles are more sensitive to MT-destabilizing factors, so one could expect an influence on force generation due to a stabilization of the MT bundle. It is not known if in our set-up such a MAP would enhance force generation due to the zipping mechanism described by Kierfeld et al. 4 In our optical tweezers experiment we keep MTs short (less than a micrometer long), hence we do not expect to have any length reservoir of MTs, on which the zipping mechanism relies. An alternative experiment would be to grow long MTs (from several to tens of microns) from an axoneme and press them against a microfabricated barrier (Fig. 1B, example 2 ) before adding the crosslinking MAPs. In order to decouple the force generated by polymerization from the one generated by zipping, MTs could be stabilized in these experiments (e.g. taxol-stabilized or grown in presence of GMPCPP).
Polymer-induced MT bundling
Lateral interactions between MTs within a bundle can occur not only via specific crosslinkers, but also in an aspecific way through electrostatic interactions, 21 or due to the presence of polymers in the surrounding environment. 37, 38 Polymers of sufficient size in the background can lead to a so-called depletion effect that tends to minimize the (inaccessible) space between for example MTs in a bundle, in order to create maximum accessible volume for the polymers in solution (an entropy effect). As reviewed by Shulgin et al., 39 several studies have been made of protein interactions with PEG in an aqueous environment. [40] [41] [42] [43] [44] [45] For the case of tubulin, it is worth noting that these studies started before dynamic instability was discovered in 1984 by Mitchison et al.. 1 A parallel can be drawn between the observed influence of PEG on MT polymerization and the effect of macromolecular crowding in the cell cytosol on protein assembly. [46] [47] It has been shown [40] [41] [42] (see Ref. 46 for review) that the critical concentration for MT polymerization is lowered by adding dextran or PEG to the surrounding medium, whereas polymerization is stimulated, leading eventually to precipitation: Herzog et al. 40 showed that above 4.5% PEG, tubulin starts to precipitate in the cold, while surprisingly adding dextran or PEG leads to insensitivity of the assembly process to excess calcium ions which are known to inhibit MT formation.
Needleman et al. 37, 38 studied the bundling of taxol-stabilized MTs induced by polymers of various molecular weight. The authors report detailed observations of the interaction of polyethylene oxide (PEO, another term for PEG) with MTs and show a transition in the arrangement and shape of bundled MTs as a function of PEG concentration. We note that these studies were done with stabilized MTs, hence bundling and polymerization dynamics are both independently enhanced in the presence of PEG/PEO.
To test the effect of PEG on growing MTs in the absence of force, we observed both polymerization and bundling of MTs simultaneously in an in vitro system. MTs were grown from axonemes in the presence of 0.5% (w/v) PEG 20k in the usual reconstitution buffer MRB80 (80 mM K-Pipes, 4 mM MgCl2, 1 mM EGTA, pH = 6.8). As shown in Fig. 4 , the situation at first sight does not appear very different from the case without PEG (compare Fig. 4A to Fig. 4B ), although some partial bundling events occur (see thin arrows in Fig. 4B ). When bundling occurs, it happens mostly close to the nucleation point on the axoneme, suggesting that in our optical trap set-up, where MTs are kept short (shorter than a micron), MTs could be mostly bundled. For a higher PEG concentration, (2.5% w/v, same buffer and temperature), MTs get bundled all along within one hour, showing a clear effect of the crowding agent (Fig. 4C). 
Polymer-induced enhanced force generation by MT bundles
We performed preliminary optical tweezers experiments with a key-hole trap as described above in order to investigate the effect of a bundling agent on MT bundle force generation. We used 0.5% PEG 20 k in the presence of tubulin and GTP. For two different constructs, we were able to perform an experiment with PEG directly followed or preceded by a control experiment without PEG. Curves 1,3 in Fig. 5A show enhanced growth of the MT bundles due to PEG. Curves 2,4 show MT growth in the absence of PEG. High forces were reached more rapidly with PEG, and no catastrophes were observed within the (so far limited) observation time. Curves 5-7 in Fig. 5B show the fastest growth we have measured in past experiments with GTP-or GMPCPP-MT bundles, at the same or comparable tubulin concentration and temperature. Force traces in the presence of PEG clearly show a faster length (and force) increase than with GTP or even GMPCPP MTs in the absence of PEG.
Enhanced bundle force generation in the presence of PEG may be due to various mechanisms (assuming for the moment that indeed our MTs are too short to allow for any 'zipping' contribution): one possibility is that PEG simply enhances the velocity at which individual MTs in the bundle grow, by affecting the on-rate of tubulin subunits at the MT end. Although in the presence of 2.5% PEG our preliminary results show a higher average MT growth velocity in the absence of applied force (roughly three folds compared to a PEG-free sample, data not shown), no significant difference is detectable at 0.5% PEG, which is the condition under which we measure enhanced force generation in the trap. A priori one cannot rule out the possibility that PEG greatly enhances MT nucleation by axonemes. When there are more MTs in the bundle, the force that each individual MT feels will be lower. As the individual MT growth velocity increases when the applied force decreases, 27,29 a higher nucleation would mean a higher growth velocity of the MT bundle as a whole. However, our first results suggest that the bundle growth velocity with PEG is too large to be solely explained by a different nucleation rate. For instance curve 3 in Fig. 5A has an average growth velocity of ~0.75 m/min, versus ~0.28 m/min for the corresponding PEG-free control (curve 4 in Fig. 5A ). Given the Force Generation by Microtubule Bundles 41 force-velocity relation that has been measured for single MTs, [27] [28] [29] and assuming that a maximum number of N MTs in the bundle (~10 in the case of an axoneme) share the applied force evenly, then a growth speed of 0.75 m/min does not seem achievable in the force range that we measure (up to 30-40 pN, see Fig. 5A ).
An interesting remaining explanation is that in the presence of PEG, the forcevelocity relationship of individual MTs itself is modified: at a given applied (non-zero) force, MTs appear to grow faster in the presence of PEG. To explain this, one can imagine that PEG-induced steric effects confine protofilaments at the growing MT ends in a straight configuration and increase the stability of its (sheet-like) end structure. To test this idea, it would be interesting to study in detail the dynamic properties of individual MTs (including the catastrophe rate) in the presence of PEG, both with and without an applied force. For example, our preliminary measurements (not shown) show a reduced shrinkage speed upon single MT catastrophes in presence of PEG.
Conclusions and Perspectives
In vitro experiments from the level of single MTs to the level of MT bundles have shown to be a powerful tool to gain insight into subtle mechanisms of force generation by biological polymerization processes. Future experiments should on the one hand be simple enough to allow for a detailed understanding of the underlying molecular mechanisms, and on the other hand provide information general enough in order to be relevant for the in vivo situation.
Generalizing our first observations obtained with PEG to a larger class of crowding agents could open the way towards a better understanding of the behavior of dynamic MTs in the crowded interior of a living cell. As explained in Ref. 46, Rivas et al. 48 showed that bovine serum albumin (BSA) can promote the formation of fibrinogen dimers or possibly oligomers, and furthermore that sufficient amount of dextran may promote the oligomerization of tubulin under conditions where MTs do not assemble. An extension of our first observations to sugars (such as dextran) or proteins (such as BSA or caseins) is a possible way for further investigations.
Another way of pursuing our investigations on dynamic MT bundles would be to extend the knowledge of the interplay between MT plus-end tracking MAPs 49 and dynamic single MTs to the level of a MT bundle, as such proteins are known to play a (regulatory) role at the sites where forces are generated in cells (e.g. at kinetochores or the cell cortex).
Moreover, the type of in vitro experiments that we performed could be extended to other force-generating polymers, like actin filaments: few measurements have been made of the force generation by actin bundles. The intrinsically different persistence length and structure of these filaments compared to MTs may qualitatively change the influence of specific or aspecific crosslinkers on their dynamics.
